The attenuation characteristics of ten commercially available hearing protectors (five muffs and five plugs) were examined for 1/3-octave bands of noise centered at 1000, 2000, 3150, 4000, and .6300 Hz in ten normal-hearing young adults utilizing four psychophysical procedures. One of these procedures, the real-ear attenuation at threshold procedure described in the American standard for the evaluation of hearing protectors, is designed for use at 1/3-octave band noise levels below approximately 50 dB SPL. Three real-ear psychophysical procedures were also developed and evaluated. These procedures were: (1) a reaction-time paradigm; (2) a loudness magnitude-estimation procedure; and (3) a masked bone-conduction threshold technique. Each procedure was designed to evaluate protectors for 1/3-octave bands of noise having levels ranging from approximately 50 to 90 dB SPL. Mean data indicated that: (1) attenuation was linear over the range investigated, although some exceptions to this generalization were apparent; (2) attenuation estimates derived with the reaction-time and magnitude-estimation paradigms were typically less than those obtained with the other two methods; and (3) all attenuation estimates, regardless of procedure, were less than manufacturer's specifications for the majority of the protectors. Implications for existing standards are discussed.
INTRODUCTION
Use of personal hearing protection devices represents one of the most common means of making hazardous noise environments safe for individuals exposed to such noise. Elaborate procedures have been developed to estimate the effective protection provided by a hearing protection device when worn in a specified noise environment (e.g., Tobias, 1975; Waugh, 1976; Berger, 1979} . The attenuation values for the hearing protector used in these calculations have been derived using a procedure known as the real-e•r attenuation at threshold technique. This technique is the primary method advocated for the evaluation of hearing protector attenuation in most national standards, including those of the United States (both ASA Z24.22-1957 and ANSI S3.19: 1974}, Great Britain (BS 5108:1974}, and Canada (CSA Z94.2-1974}. The real-ear threshold technique simply involyes the measurement of hearing threshold for narrowband or pure-tone acoustic signals both with and without the hearing protector placed on the listener. The difference in these two threshold estimates represents the attenuation provided by the hearing protector.
When the attenuation estimates derived in this manner, however, are used in the calculation of the effective reduction of industrial noise levels by the protector, linearity of attenuation form low to high noise levels must be assumed. That is, the real-ear threshold procedure used to estimate the attenuation provided by the protector utilizes threshold-level noise intensities that seldom exceed 50-60 dB SPL. When these attenuation data are applied to industrial situations, with noise levels typically spanning 85-100 dB SPL, it is assumed that the same amount of attenuation is being provided by the protector.
The literature on the topic of attenuation linearity of hearing protection devices neither clearly supports nor refutes this critical assumption. Whereas results from several studies using real-ear measurement techniques suggest, at least in the author's opinion, a decrease in attenuation at high noise levels (e.g., Hershkowitz Martin, 1979 Martin, , 1982 (3amundsen and Gjavenes, 1981; Berger and Kerivan, 1982) . The existence of some procedural flaws in the real,ear studies supporting nonlinearity of attenuation, some of which are discussed in the last section of this paper, tend to discredit the conclusions reached by many of these investigators. Support for attenuation linearity, on the other hand, has come primarily from physical measurements made with manikins artificial ears, real ears, or cadavers. As a result, there are potential pitfalls associated with these data as well. A notable exception to this being the work of Brinkmann and Brocksch (1976) in which a masked boneconduction procedure was utilized.
The issue of attenuation linearity of hearing protection devices is an important one that can not remain unresolved. The purpose of the present investigation, therefore, was to obtain a considerable amount of data on hearing protector attenuation utilizing real-ear procedures designed to evaluate hearing protector attenuation at both low and high sound levels. A fairly large sample of protectors (5 muffs and five plugs) was employed to assess the generality of the conelu-sions reached. Three procedures were developed and evaluated with results compared to standard real-ear threshold attenuation data obtained from the same listeners.
I. METHODS

A. Subjects
A total of 11 subjects participated in this study. The same nine subjects participated in the attenuation assessments for all ten protectors using the four psychophysieal procedures evaluated in this study. In addition, one subject participated in the assessment of protectors No. 1 through No. 5 while another subject only participated in the cvaluation of protectors No. 6 through No. 10. All subjects had hearing thresholds at octave intervals between 500 and 8000 Hz that were • 10 dB HL (ISO, 1975) in both ears. Middleear function was normal bilaterally as determined by electroacoustic immitance measurements (tympanograms and acoustic reflexes at 100 dB HL at 1000 Hz). All subjects were paid $3.50/h for their participation. Approximately 70 h were required for each subject to complete the study.
B. Apparatus
All stimuli utilized in this study were l/3-octave bands of noise that were created by routing the output of a random noise generator ( Four-procedures were utilized in this investigation to measure hearing protector attenuation. These were: (1) the real-ear threshold procedure described in ANSI S3.19-1975; (2) the reaction-time paradigm; (3) the magnitude-estimation procedure for loudness; and (4) the masked bone-conduction threshold procedure.
The real-ear threshold technique employed in this study utilized an adaptive two-alternative forced-choice (2AFC) paradigm to estimate 70.7% correct signal detections (Levitt, 1971) . Signal duration was 500 ms as measured from signal onset to offset with 25-ms linear rise/fall times. The two 500-ms observation intervals were separated by a 350-ms silent interval. A 350-ms warning interval preceded the first observation interval by 350 ms. The warning and observation intervals were marked by lights on the subject's response box. The aprioriprobability of the signal occurring in either observation interval was 0.5. Feedback was provided immediately after each trial. The threshold measurement was self-paced in that the next trial did not begin until the subject responded in the present trial. Ten reversals in signal level comprised a single run. The first and last reversal were discarded and the mean of the remaining eight reversals comprised a single threshold estimate. A 6-dB step size was used for the first reversal and 2-dB steps thereafter. Thresholds were measured three times for each subject in the proteeted and unprotected conditions at each l/3-octave band c. enter frequency. Thresholds were measured for noise-band center frequencies of 0.5, 1, 2, 3.15, 4, and 6.3 kHz.
The masked bone-conduction procedure employed in this study is very similar to the real-ear threshold technique just described. The same 2AFC adaptive threshold-measurement paradigm was used with both techniques. In the masked bone-conduction procedure, however, the signal was a 500-ms pure tone delivered to the subject via a bone oscillator making contact with the subject's forehead. A 1-octave band of noise having a lower cutoff frequency 1/2 octave below the signal frequency and an upper cutoff frequency 1/2 octave above signal frequency served as the masking stimulus. The masking noise was delivered to the subject via the six loudspeakers described previously. The level of the masking noise was set to either 80 or 85 dB SPL in both the unprotected and protected conditions. The 85-dB SPL noise level was always attempted first. For some subjects, however, this noise level shifted bone-conduction puretone thresholds to levels exceeding the maximum linear output level of our test system. These subjects were always then tested successfully at the 80-dB SPL noise level. Pilot data revealed that lower noise levels (45 and 65 dB SPL) often failed to produce sufficient masking in the unprotected condition so as to yield valid attenuation estimates. That is, attenuation estimates approaching 40-45 dB were anticipated for some of the devices evaluated in this study. The 80-dB SPL octave-band noise always shifted masked thresholds to levels at least 45 dB above thresholds obtained in quiet. This was not true, however, for the lower noise levels evaluated in the pilot study. As a result, only the higher noise level was utilized. The loudness-magnitude estimation procedure utilized in this study was developed from the guidelines for such procedures provided by Stevens (1975) . Subjects simply assigned numbers to l/3-octave bands of noise presented in the diffuse sound field with the numbers corresponding to the perceived loudness of the noise bursts. When the geometric mean of these estimates is plotted on a log scale against noise level in decibels the loudness growth function is defined. Unprotected loudness growth functions were obtained for noise levels spanning a 70-dB range from the lowest to the highest sound level. The maximum output levels for each of the center frequencies of the l/3-octave bands of noise used in this study are provided in Table I . This 70-dB range was achieved by combining two loudness growth functions each spanning a 40-dB range; one spanned the noise levels representing 0-to 40-dB attenuation from maximum output level and the other spanned noise levels representing 30-to 70-dB attenuation from maximum output level. The 10-dB overlap enabled one to examine the correspondence between the loudness estimates obtained for the two ranges. The loudness estimates in this region where the two functions overlap were virtually identical. It was necessary to use two overlapping 40-dB loudness-growth functions in the unprotected condition, as opposed to one 70-dB function, because the protected data were obtained using a loudness-growth function spanning 40 dB. Stevens (1975) The loudness-growth functions were obtained over the 40-dB range of noise levels by attenuating the noise by 0, 4, 10, 16, 20, 24, 30, 36, and 40 dB relative to the maximum levels described in Table I . Five random sequences of these attenuation values were generated and stored in the computer. The nine attenuation settings described above appeared twice in each sequence for a total of 18 attenuation settings per sequence. A given loudness-growth function was derived by randomly selecting two of the five sequences. Thus each loudness-growth function was derived using a total of 36 trials with each of the nine attenuation settings being repeated a total of four times. The availability of five random sequences and the use of any two of these for a given loudnessgrowth function yielded 25 possible quasirandom sequences of attenuation settings.
The subject was seated in the diffuse sound field with a response box positioned in front of the subject. Each trial began with a 500-ms warning signal followed 500 ms later by a l-s stimulus presentation (25-ms linear rise/fall time). Activation of a response light followed stimulus termination by 500 ms. The subject then wrote down a number that corresponded to the perceived loudness of the noise burst. When finished the subject pressed a button which turned off the response light and initiated another trial 500 ms later. This process was repeated until all 36 trials had been completed. For a given test frequency, determination of protected and unprotected loudness-growth functions was accomplished in immediate succession in an attempt to maintain some stability in loudness-estimation criteria of the subjects across these two measurement conditions. Once both protected and unprotected functions had been obtained another test frequency was evaluated. The order of protected versus unprotected assessment and test frequency was counterbalanced within and across subjects. All measurements were repeated twice, with the second set of measurements for a given protector being initiated immediately following completion of the first set of measurements.
Whereas the magnitude-estimation procedure made use of loudness-growth functions, the reaction-time paradigm compares protected and unprotected reaction-time/ intensity (RTI) functions, RTI functions have been described previously by a variety of investigators and are believed to provide information comparable to that obtained with loudness-growth functions IChocholle, 1940; Stebbins, 1966; Moody, 1973; Pfingst etaL, 1975; Seharf, 1980) . Generally speaking, the greater the stimulus intensity, the greater the loudness and the shorter the reaction time.
As was the case for the magnitude-estimation procedure, protected and unprotected RTI functions were obtained from each subject for each protector at 1/3-octave noise band center frequencies of 1, 2, 3.15, 4, and 6.3 kHz. Unprotected RTI functions were obtained for noise levels spanning a range from maximum output level ITable I) to maximum output level minus 70 dB. This was accomplished in two overlapping 40-dB ranges as described previously for the magnitude estimation procedure. The protected RTI function utilized noise levels from maximum output level to 40 dB below this level. A single RTI function was derived for noise levels representing successive 10-dB decrements in noise level. The protected functions, for example, were obtained by measuring reaction times for noise levels that were 0, 10, 20, 30, and 40 dB below maximum output for that test frequency. Fifteen trials were employed for each of the five attenuation settings yielding a total of 75 trials per RTI function. The attenuation setting on a given trial was selected randomly from among the five possible values by the computer.
Each trial in the reaction-time paradigm began with two lights on the response box flashing alternately. This served as a "ready" signal informing the subject that the computer was ready for another trial. When the subject was also ready a trial was initiated by pressing a button on the response box. A randomly varying delay followed the subject's button press. The delay had a minimum value of 500 ms and a maximum value of 4500 ms. Following this delay the noise band was presented at one of the five intensities. The stimulus had a 25-ms linear rise time. If the subject responded before 1000 ms had elapsed since signal onset, the reaction time was measured using the internal clock of the computer and was stored for later retrieval. The signal was then terminated {25-ms fall time). If the subject failed to respond by pressing the button during the 1000-ms interval following stimulus onset, the trial was terminated and a reaction time of 1000 ms was retained. Any responses on a given trial prior to stimulus onset or after the 1000-ms response interval were ignored by the computer. Thus, possible reaction times ranged from 0 through 1000 ms. A new trial was initiated 500 ms following either the subject's response or termination of the 1000-ms response interval. Following completion of 75 trials, the computer determined the mean reaction times for the RTI function for each of the five noise levels. Unprotected RTI functions were repeated three times and protected RTI functions twice. The order of protected and unprotected conditions and the test frequency sequence was counterbalanced within and between subjects.
Five earmuffs and five earplugs were evaluated in this investigation. None of the subjects had prior experience with any of the protectors. All protectors were fit by the experimenter. In that the primary purpose of this study was to compare attenuation results obtained from four real-ear procedures, experimenter-fit was adopted over subject-fit of the protectors so as to reduce one source of variability. For the muff-type protectors, three sets of the same model were obtained from the manufacturer. These protectors were tested by placing the one just tested with a given subject on a given day at the bottom of the stack and selecting the protector on the top the next time it was tested. The three protectors were rotated through the test procedures in this manner. For the plug-type protectors, a pair of plugs were selected for that subject by the experimenter and then evaluated subjectively in the sound field by the subject. The same pair of plug-type protectors were worn by the subject for all testing with that protector. As a result, ten sets of plugs for a specific make and model were evaluated, one set for each subject.
The specific makes and models of muff-type and plug- type protectors evaluated in this study are shown in Table II . These protectors were selected randomly from a larger pool of 46 models of hearing protectors submitted by the 13 different manufacturers at the request of the investigator.
II. RESULTS
The estimation of attenuation provided by the hearing protector is straightforward for the real-ear attenuation at threshold and masked bone-conduction threshold techniques. In the real-ear attenuation at threshold procedure, one simply subtracts the unprotected threshold from the protected threshold to obtain an estimate of the amount of attenuation provided. In the case of the masked bone-conduction procedure one is measuring the effective reduction of the octave-band masking noise by the protector as reflected in the reduced masked threshold for the bone-conducted sig- l/3-octave bandwidth), the reduction in masked signal threshold in dB that accompanies placement of the hearing protector on the subject will provide an indication of the amount by which the hearing protector has reduced the level of the masking noise. Hence in the masked bone-conduction paradigm, hearing protector attenuation is estimated by subtracting the protected threshold for the bone-conducted signal from the unprotected threshold. The utilization of the loudness-growth functions and the RTI functions to estimate attenuation at low and high noise levels requires some explanation. Comparable data for the remaining protectors are provided in Figs. 9-12 . Several generalizations can be drawn from these data. First, comparison of our real-ear threshold data and comparable data from manufacturers using the same technique, reveals that for the majority of hearing proteators evaluated in this study the manufacturer's data typically suggest considerably greater amounts of attenuation than observed in this investigation. Exceptions to this are the results from protectors No. 1 [ Fig. 8(a)], No. 6 [Fig. 10(b) ], and No. 10 [ Fig. 12(b) ]. Second, the attenuation estimates obtained in our laboratory using the real-ear attenuation at threshold procedure, the masked bone-conduction tech- • Jay (1977} observed nonlinearity in hearing protector attenuation at sound levels of 110 dB SPL. A cross-modality matching paradigm was used in a manner similar to the way the magnitude-estimation procedure was implemented in this study. Pure-tone signals of 500 and 1750 Hz were delivered to subjects in a free-field environment. The average unprotected and protected loudness-growth functions converged as sound level increased from 50 to 110 dB SPL. This convergence was interpreted as a decrease in attenuation of the hearing protector at high sound levels. An alternate explanation, however, for the convergence of the two loudnessgrowth functions is as follows. Because relatively low-frequency signals were utilized in the study by Jay {1977), the unprotected loudness-growth function at high intensities was not actually an unprotected function. Rather, contraction of the middle-ear muscles at high sound pressure levels (> 100 dB SPL) resulted most likely in some amount of attenuation at the signal frequency in the unprotected condition. In the protected condition, however, the attenuation provided by the hearing protector at 110 dB SPL most likely reduced the sound pressure level of the test signal to a level below reflex threshold so that the protected loudness-growth function was uncontaminated by the attenuation produced by the acoustic reflex. Thus, the convergence of the unprotected and protected loudness-growth functions at high sound levels observed by Jay {1977), may be due to attenuation being present at the highest levels for the unprotected conditions rather than attenuation of the hearing protector decreasing at high intensities. The alternate explanation just provided is undoubtedly most appropriate for the 500-Hz test signal and less so for the 1750-Hz stimulus. If one assumes that the effective sound level reaching the inner ear at low and mid frequencies increases 7 dB for every 10-dB increase in sound level above acoustic reflex threshold {Borg, 1968), then reanalysis of the data obtained by Jay {1977) suggest that attenuation is essentially linear from 50 through 110 dB SPL when corrected in this manner. Interestingly, although linear, the attenuation estimates derived from the re. analysis of Jay's data are nonetheless 5-6 dB below those obtained from the same subjects with the. real-ear attenuation at threshold technique.
Another potential source of error in the study by Jay (1977) concerns the particular continua used to achieve the cross-modality matching. In the study by Jay, line length was matched to loudness. As Stevens (1975) has indicated, the range of sound intensities encompassed when matching stimuli from these two continua should not exceed 40 dB.
The range employed by Jay was more than twice that value. In addition, the range of stimulus intensities for the protected condition differed from that in the unprotected condition. Stevens {1975) has indicated that the range of stimulus intensities can have a significant effect on the observed slope of the derived function. Thus these procedural pitfalls seriously compromise interpretation of the results.
Damongeot and Lataye {1982} utilized a masked boneconduction procedure somewhat more complex than utilized in this study to investigate the linearity of hearing protector attenuation. The discrepancies in attenuation at low and high sound levels observed by these investigators were confined primarily to low frequencies. Physiological noise may again play a role in this discrepancy. The particular procedure developed by Damongem and Lataye {1982), moreover, is most likely influenced by other contaminating factors as pointed out by Brinkmann and Brocksch {1976). Specifically, with any masked bone-conduction procedure at least 45 dB of masking must occur in the unprotected condition. Otherwise, the observed reduction in masking associated with placement of the hearing protector on the subject will not reflect appropriately the amount of attenuation provided by the protector. If, for example, only 15 dB of masking is produced in the unprotected condition, then the maximum possible reduction in masking is also 15 dB. It was for this reason that only the highest noise level possible which always produced more than 45 dB of masking was utilized in the masked bone-conduction procedure of this study.
In summary, the results of the present investigation, as well as those of other studies, suggest that the attenuation provided by hearing protectors is linear over the range of interest. An objection to the results of the present study, however, that might be raised is that the maximum noise levels investigated here were not sufficiently intense. That is, 1/3-octave noise levels of approximately 85-95 dB SPL were the maximum levels investigated here. This was due primarily to output limitations of the equipment used in this study. Another point that deserves mention concerns the generality of the present findings. Although linearity of attenuation was confirmed for the five earmuffs and five earplugs in this study, it can not be guaranteed for all hearing protectors. Certainly the physical characteristics of the protector under evaluation can potentially influence the linearity of attenuation. It is recommended, therefore, that a method be developed and standardized to permit assessment of hearing protector attenuation at high noise levels. Attenuation linearity can then be confirmed directly by the manufacturers and users of hearing protectors as opposed to being assumed.
The question that arises then is which method to use. It is our belief that a real-ear psychophysical procedure of some type is preferred in that one is attempting to estimate the protection provided to the wearer of the protector. More objective procedures making use of miniature microphones, whether on manikins, cadavers, or live humans, invariably involve some assumptions about the role of the bone-conduction pathways that are not assessed directly with these procedures. Of the options available that make use of miniature microphones, the use of living humans as subjects would be preferred so as to provide more realistic indications of the variability in attenuation estimates. Even in this case, however, measuring sound levels with a microphone in the ear canal of the subject misses any contributions that the middle-ear inertial and compressional components of boneconduction hearing might make toward a decrease in attenu-ation at high sound levels. The recent work of Berger and Kerivan (1982) , on the other hand, suggests that this is not a serious shortcoming.
Restricting alternatives to only those methods evaluated in the present study, we would suggest either the magnitude-estimation procedure or the masked bone-conduction technique. The reaction-time paradigm frequently yielded results at odds with all• the other procedures and exhibited more complex dependencies of attenuation on noise level. In addition, considerable practice or learning effects were apparent in the RTI functions over the course of this study. This would increase the time required to administer the procedure and still obtain reliable results. Of the four psychophysical procedures investigated here the reaction-time paradigm was unquestionably the most time consuming and the most difficult to implement.
Of the two remaining procedures used at the higher noise levels in this study, the magnitude-estimation paradigm and the masked bone-conduction procedure, both are not without their own limitations. Perhaps the most serious shortcoming of the magnitude-estimation procedure was its frequent underestimation of attenuation when compared to the two threshold techniques. We can offer no good explanation at this time for the lower attenuation estimates derived with the magnitude-estimation procedure.
The masked bone-conduction procedure as described here, on the other hand, is limited to evaluation of test frequencies > 1500 Hz so as to eliminate the potentially confounding influences of the occlusion effect on the data obtained in the protected condition. Furthermore, the range of noise levels available for investigation is somewhat restricted in that the noise level has to be sufficient to produce more masking than the expected amount of attenuation yet can not exceed levels of 80-90 dB SPL because of limitations on the output of conventional bone oscillators. Despite these shortcomings, we recommend that the masked bone-conduction threshold be incorporated into the current American standard (ANSI S3.19-1975) as a procedure to assess hearing protectors at high noise levels. There are several reasons for making this recommendation. First, the procedure yielded attenuation estimates comparable to those observed with the real-ear threshold and magnitudeestimation paradigms. Second, as described here it evaluates attenuation at the frequencies where such an evaluation of the protection afforded by the protector is most critical; specifically, 2000-6000 Hz. Third, 1/3-octave band noise levels approximating comparable levels encountered in typical industrial settings can be evaluated. Finally, the procedure incorporates a listening task very similar to that already employed with the standard real-ear threshold procedure. With further work, moreover, the masked bone-conduction threshold approach could possibly be modified to overcome many of these shortcomings. Brinkmann and Brocksch (1976) , for example, have described a bone-conduction procedure which incorporates both higher noise levels and lower frequencies. The occlusion effect is avoided at lower frequencies by utilizing the upward spread of masking of a low-frequency band of noise. The bone-conducted signal should remain at a frequency > 1500 Hz thereby avoiding the occlusion effect. In addition, the procedure described by Brinkmann and Brocksch (1976) avoids the problem of output limitations of the bone-conduction apparatus. In their procedure, masked bone-conduction threshold is obtained first in the protected condition which doesn't require excessive output from the bone oscillator. Next, the protector is removed and the noise level lowered until the bone-conducted signal is again audible. The difference in these two noise levels represents the attenuation provided by the protector at the masker frequency. Output limitations at low frequencies prohibited an evaluation of this particular masked bone-conduction procedure in our laboratory. Nixon (1982) , in a recent review of several methods available for the assessment of the attenuation characteristics of hearing protectors cited five criteria that a procedure must satify to make it suitable for standardization. The five criteria for the procedure were that it: (1) was relatively simple; (2) had universal application; (3) yielded results that could be generalized to the total population; (4) was not time consuming; and (5) was not too costly. It would appear that the masked bone-conduction procedure, whether the one described here or that described by Brinkmann and Brocksch (1976) , meets all five criteria, although the third criterion may require further evaluation. Finally, recall that attenuation estimates derived in this study with the real-ear threshold procedure were considerably lower than comparable data published by the respective manufacturers. We consider the estimates obtained here to be the most appropriate set of real-ear threshold data. This conclusion is drawn from comparison of the present real-ear threshold data to the results obtained for the same hearing protectors by two large-scale studies of hearing protector attenuation (Martin, 1977 ; National Acoustic Laboratories, 1979). Such comparisons reveal excellent agreement between the present data and those obtained in these two large-scale studies conducted by different investigators in separate countries. When the results of this study and the two previous large-scale studies are considered, it appears that manufacturer's specifications of attenuation characteristics are often optimal as opposed to typical characteristics.
